Introduction
Over the last decade, there has been a great deal of interest in the ring opening polymerization (ROP) of cyclic esters as a route to accessing biodegradable polymers. Polymers which have attracted particular interest include polycaprolactone (PCL) and polylactide (PLA), and to a lesser extent polyvalerolactone (PVL) . Applications of such polymers are widespread and include use in the medical arena, for example as biodegradable implants, and use in the packaging industry. [1] Coordination chemistry plays a central role in this field by allowing for the development of new, efficient, metal-based initiators by manipulation of the coordination environment about the metal centre. [2] In other words, the choice of both the metal centre and the ligand set is crucial in terms of being able to control the features associated with the ROP process such as catalytic activity (% conversion) and the resultant polymer properties. The use of chelating and/or bulky ligands with a variety of metals has proved particularly successful. [2] We have been investigating the use of ligands derived from acids bearing the motif Ph 2 (X)CO 2 H, where X = OH, NH 2 , and have previously reported some intriguing molecular structures. [3] The ability of this motif to promote highly crystalline samples was first recognised by Braun. [4] More recently, we have investigated organoaluminium complexes bearing ligands derived from such acids, and have exploited them in terms of their capability for the ROP of cyclic esters. [5] A search of the CSD for compounds incorporating the Ph 2 C(X) motif revealed only a limited number of compounds (<40), the majority of which contained no metal. [6] We are also interested in the use of alkali metal species for ROP, given that their use in a number of systems has resulted in promising results with little in the way of side reactions. [7] With this in mind, and given the aforementioned limited coordination chemistry of acids containing the Ph 2 C(X) motif, we report here our investigations on the use of lithium complexes bearing ligands derived from Ph 2 (X)CO 2 H, which as well as resulting in some unusual structural motifs incorporating lithium-oxygen rings and ladders (see scheme 1), has afforded ROP systems exhibiting reasonable activities and low polydispersities (PDIs). We note that a number of lithium-containing cages, rings and ladders, supported primarily by phenolate-type ligation, have previously been employed for the ROP of cyclic esters. [7, 8] 
Ph= phenyl, R= t Bu, L=MeCN
Results and Discussion

Use of benzylic acid
Our initial studies have focused on the use of benzilic acid, benzH, given it is available in bulk quantities at relatively low cost. [9] Using a 1:1 mole ratio of benzH and lithium tert-butoxide in THF afforded, following work-up, colourless prisms [Li(benz)(THF)] 2 ·2THF (1·2THF) in moderate yield. Single crystals suitable for X-ray diffraction were obtained upon prolonged standing (2 -3 days) at ambient temperature. The molecular structure is shown in figure 1 (also see figures S1 -S4, SI), with selected bond lengths and angles given in the caption. The structure is best described as mono-deprotonated benzilic acid which via Li + coordination forms 1D chains. The chains comprise a number of fused 5-and 6-membered rings along the chain/ladder, rather than the more commonly observed Li 2 O 2 diamond-like motifs. Both Li1 and Li2 are four coordinate, with distorted tetrahedral geometry and are bound by an 'acid' oxygen from each of three benz ligands plus the hydroxyl from one of them. The Li -O bond lengths [1.905 (5) -1.965 (6) Å] are comparable with other bimetallic lithium systems in the literature, [10] with those to the µ 3 -O atoms O(2) and O(4) being the longest. The carboxylate at C(1) binds in syn fashion. The O-H hydrogens of both benz ligands are involved in H-bonding to THF which resides in clefts along the chain (see Figure S1 , SI). In the packing of the 1, the 1D chains are aligned parallel to the crystallographic a direction. Neighbouring chains connect via van der Waals forces only (see SI, figures S2 and S3).
Conducting the same reaction, but utilising acetonitrile (MeCN) during work-up under mild conditions, (stirring at room temperature for 10 mins) afforded crystals with two distinct morphologies, namely small needles together with much larger blocks in approximately 70:30 ratio. Both morphologies were subjected to single crystal X-ray diffraction and gave different unit cells, one of which matched 1. Both structures are 1D polymers, and in each phase, each lithium is surrounded by four oxygen atoms in a flattened tetrahedron.
The key difference is in the location of the THF and associated composition and geometry of the Li-benz chain. For 1, the THF is not bound to Li + but is localised by a hydrogen bond from the alcohol of benzilic acid. The chain is composed of five-and six-membered rings.
The structure of the second polymorph 1 / , which crystallises in the chiral space group P2 1 2 1 2 1 with a single lithium ion, one benzilic acid and one molecule of THF in the asymmetric unit, could be described as a chain made up from discrete Li(benz)(THF) moieties in which the benzilic acid is bound to Li (1) 
The coordination of the lithium is completed by another O(1) atom generated by symmetry to give a tetrahedral arrangement of oxygen atoms. This generates a zig-zag chain composed of Li (1) and O(1) atoms that runs parallel to the crystallographic a direction (figure 3). O(2) takes no part in binding to Li (1) .
There is a hydrogen bond between H(3) and O(2) of a neighbouring benzylic acid. This hydrogen bond is approximately along the a direction, strengthening the chain. If, during work-up when employing LiOtBu, the complex is recrystallized from acetonitrile after 10 mins of refluxing, then the complex [Li 7 (benz) 7 (MeCN)] (2·2MeCN·THF) is formed. In this case, the asymmetric unit contains three molecules of acetonitrile, one of which coordinates to Li. The crystal structure of 2 (figure 4) was determined using synchrotron radiation (for alternative view see figure S4 , SI); the crystal was weakly scattering and has a large asymmetric unit but displays a beautiful structure. The structure crystallises in the centrosymmetric space group P2 1 /n with 140 crystallographically-unique non-hydrogen atoms in the asymmetric unit. 
The benzilates bind to lithium through the carboxylate and through the alcohol. (7)]. In this case, the free C=O carbonyl is stabilised by a hydrogen bond from the alcohol. [e.g. O(6)−H(6)···O (8)]. The three centres Li(1), Li(2), Li(3) adopt a distorted square-based pyramidal geometry surrounded by 5 oxygen atoms, whilst Li (5) and Li(6) adopt a distorted trigonal bipyramidal geometry. Li (7) adopts a distorted square planar geometry, with the apical position occupied by NCCH 3 .
There are four oxygen atoms around Li (4) Conducting the reaction under similar conditions, but using a 1:2 mole ratio of benzH and lithium
The molecular structure is shown in figure   6 (for alternative view see figure S5 , SI), with selected bond lengths and angles given in the caption. (7) and O (8) . In 3, there are no significant intermolecular interactions (or H-bonding).
Use of 2,2 / -diphenylglycine
Having established suitable synthetic condition for the synthesis and isolation of lithium complexes derived from Ph 2 C(OH)CO 2 H, we extended our studies to the somewhat more expensive 2,2 / -diphenylglycine, Ph 2 C(NH 2 )CO 2 H (dpgH). another 205 hits for Li-O containing cages (including cubes). [6] In 4, there is intramolecular H-bonding: (Table S1 , SI). In solution, complexes 1 -5 exhibit only a single peak in their 7 Li NMR spectra, which is consistent with the disaggregation observed by O'Hara, Kozak and Kerton.
[8d, h, i]
Ring opening polymerization (ROP)
ROP of ε-caprolactone (Fig. S8, SI) , possibly due to severe catalyst decomposition, with molecular weight distributions [1.13 -1.66 ] that suggest there is some degree of control. There is an approximate linear relationship between conversion ratio and average molecular weight (M n ), which suggests the system still retains the classical features of a living polymerization process (Fig.   S9 , ESI). In the 1 H and 13 C NMR spectra of the PCL (table 1, run 6, figures S10 and S11), no peaks associated with end groups could be identified. This suggests the formation of cyclic PCL; this has been noted previously when using pre-catalysts containing Li/O rings.
[6g] The MALDI TOF spectrum of the PCL (figure S12) revealed peaks separated by 114 mass units (the molecular weight of the monomer ε-CL).
The ROP of ε-CL in the absence of solvent was also investigated (table S2) . Higher conversions were achieved over short time periods, but at the expense of (i.e. lower) observed M n values for the respective pre-catalysts; PDIs were in the range 1.21 to 2.01.
From a kinetic study of the ROP of ε-CL using 1 and 3 -5 (figure 10), it was observed that the polymerization rate exhibited first order dependence on the CL concentration ( figure 10, left) , and the conversion of monomer achieved was >80 % over 100 min (figure 10, right). Figure 10 indicates that the rate order is 3 > 4 > 5 > 1 (table S3) suggesting that for 3 and 4, the presence of the O-tBu and/or THF ligation at lithium may well be beneficial; the presence of the tert-butoxide renders the monomer carbonyl more susceptible to nucleophilic attack. For 5 (as for inactive 2), the presence of acetonitrile may well be detrimental, though the additional presence of phenoxide ligation in 5 appears to be a more dominant factor. Presumably the orientations adopted by the Ph 2 C groups in 2 (see Fig. 4 ) are less favourable than in the other complexes herein which hinders monomer access in the first step of the ROP, which is reflected in the lack of activity. By contrast, the relatively poor activity observed for 1 is surprising in view of the open environments about the lithium centers, and is thought to be due to the inability of 1 to generate a lithium alkoxide. It should be noted however that this discussion of activity versus coordination environment/ligation is somewhat tentative given the differing nature of the Li/O ring systems present. The data here (and that for the ROP of rac-LA) also suggest that these catalysts require an induction period, suggestive of slow activation. Table 1 . Ring opening polymerization screening of ε-caprolactone using lithium complexes 1 -5. 
ROP of rac-lactide
Complexes 1 to 5 have also been screened for the ROP of rac-lactide, with, in the case of 1, addition of benzyl alcohol (BnOH). Here, complex 3 was selected to determine the optimized conditions (table 2) . It was observed that at temperatures below 110 o C, these systems were generally inactive even after 24 h.
However, at 110 o C, a linear relationship between average molecular weight and monomer mole ratio was observed for 3 ( figure S 13) , whilst there is a near exponential relationship between monomer conversions and M n values, possibly due to severe catalyst decomposition; molecular weight distributions [1.14 -1.43] that suggest there is some degree of control. The 1 H NMR spectra of the PLA (table 2, runs 14; figures S15
and S16, SI) are consistent with the presence of OtBu/OH end groups when the ROP is conducted in the absence of BnOH and BnO/OH end groups when conducted in the presence of BnOH). The MALDI-TOF spectrum for PLA using 1 (figure S17, SI; run 1, table 2) comprises a series of peaks separated by 72 Da with end groups OBn and ONa, for example with n = 82 = 6040 Da.
For runs conducted in the absence of BnOH, the MALDI-TOF spectrum for the PLA (figure S18, SI; run 14, table 2) is more bimodal in structure, and comprises a sizeable fraction of oligomers with peak separation 72 Da and end groups of ONa and OH; for the higher molecular weight fraction, the peak separation is 144
Da. To determine the stereo-chemical microstructure of the resulting PLA, homonuclear decoupled 1 H NMR spectra were recorded of the methine region, and the results revealed that the polymers were atactic (figures S19 -S21, SI). [11a] Results using 2D J-resolved 1 H NMR spectroscopy (figure S22, SI), and assignment of peaks by reference to the literature.
[11b]
From a kinetic study of the ROP of rac-LA using 1, 3 -5 (figure 11) at 110 o C, it was observed that the polymerization rate exhibited a first order dependence on the rac-LA concentration (figure 11, left), and the monomer conversion reached >70 % over 8 h ( figure 11, right) . The same activity trend as observed for the ROP of ε-CL was observed here (table S3) . Table 2 . ROP screening of rac-lactide using 1 -5.
presence of benzyloxy and hydroxy end groups. In the absence of BnOH (e.g. figure S25 , SI), only the end groups OH/ONa are present; the presence of a peak at c.a. 4.3 ppm suggests the absence of cyclic PLA. [12] The MALDI-TOF spectrum of the PVL (run 7, table 3, figure S26 , SI) revealed a family of peaks separated by 100 Da (the molecular weight of the monomer), consistent with the presence of only oligomeric PVL. A kinetic study using 1 and 3 -5 ( figure 12 ) at 110 o C revealed that the polymerization rate of the ROP of δ-valerolactone exhibited a first order dependence on the δ-valerolactone concentration ( figure 12 , left). The monomer conversion was >70 % over 8 h ( figure 12 , right) and the activity trend was as observed for the ROP of ε-CL and rac-LA (table S3) . Table 3 . ROP of δ-valerolactone using lithium complex 1 -5 Figure 12 . Left: Plot of ln [δ-VL] o /[δ-VL] t vs time using 1 and 3 -5; Right: Relationship between conversion and time of ROP of δ-VL using 1 and 3 -5.
Finally, the attempted co-polymerization of ε-CL and rac-LA was attempted (and the reverse addition), but this resulted in only homo-polymerization and isolation of PCL.
In conclusion, the use of the acids 2,2 / -Ph 2 C(X) 
